Corynebacterium glutamicum is one of the well-studied industrial strain that is used for the production of nucleotides and amino acids. Recently, it has also been studied as a possible producer of organic acids such as succinic acid, based on its ability to produce organic acids under an oxygen deprivation condition. In this study, we conducted the optimization of medium components for improved succinate production from C. glutamicum under an oxygen deprivation condition by Plackett-Burman design and applied a response surface methodology. A Plackett-Burman design for ten factors such as glucose, ammonium sulfate, magnesium sulfate, potassium phosphate (K 2 HPO 4 and KH 2 PO 4 ), iron sulfate, manganese sulfate, biotin, thiamine, and sodium bicarbonate was applied to evaluate the effects on succinate production. Glucose, ammonium sulfate, magnesium sulfate, and dipotassium phosphate were found to have significant influence on succinate production, and the optimal concentrations of these four factors were sequentially investigated by the response surface methodology using a Box-Behnken design. The optimal medium components obtained for achieving maximum concentration of succinic acid were as follows: glucose 10 g/l, magnesium sulfate 0.5 g/l, dipotassium phosphate (K 2 HPO 4 ) 0.75 g/l, potassium dihydrogen phosphate (KH 2 PO 4 ) 0.5 g/l, iron sulfate 6 mg/l, manganese sulfate 4.2 mg/l, biotin 0.2 mg/l, thiamine 0.2 mg/l, and sodium bicarbonate 100 mM. The parameters that differed from a normal BT medium were glucose changed from 40 g/l to 10 g/l, dipotassium phosphate (K 2 HPO 4 ) 0.5 g/l changed to 0.75 g/l, and ammonium sulfate ((NH 4 ) 2 SO 4 ) 7 g/l changed to 0 g/l. Under these conditions, the final succinic acid concentration was 16.3 mM, which is about 1.46 fold higher than the original medium (11.1 mM) at 24 h. This work showed the improvement of succinate production by a simple change of media components deduced from sequential optimization.
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Key words: Succinic acid production, Plackett-Burman design, response surface methodology, fermentation Succinic acid is one of the major metabolites that plays a biochemical role in the citric acid cycle, and is also utilized as raw material for diverse specialty chemicals in foods, pharmaceuticals, and biodegradable plastics [13] . Currently, succinic acid is produced from butane through maleic anhydride, reaching a market scale of up to 60,000 tons per year [1, 2] . However, this route is economically undesirable and leads to a limited supply, thereby limiting a further expansion of the world market for succinic acid [1, 3] . As an alternative, the microbial production of succinate from renewable carbon sources is promising, and the environment-friendly approach and fermentation process for succinic acid production is expected to increase as oil prices rise [12] .
Currently, many biological scientists endeavor to develop improved strains for succinate production, such as 
S
S modified for improved productivity, succinate fermentation still has some problems, including low productivity, low acid tolerance, and production of other organic acids [20] .
Among these, C. glutamicum is still one of the attractive strain that can scale up succinate production to an industrial level, and it has been used for the industrial production of various amino acids. Some of the desirable properties of C. glutamicum are its acid resistance, an extracellular transport system, and the productivity of organic acids [11] . Besides, it was already discovered that the wild type of C. glutamicum produced organic acids such as succinate, lactate, and acetate from glucose in mineral medium under oxygen deprivation when its cell growth is arrested [8] . Although most previous works on strain developments by applying genetic engineering and fermentation techniques such as oxygen deprivation condition and aerobic succinate production seem efficient and valuable [11, 15, 18, 19] , there is no report on the systematic analysis of the media components for succinate production, which is the most basic and simplest approach.
In this study, to improve succinate production from C. glutamicum, we carried out an optimization of media composition using the Plackett-Burman design and BoxBehnken design. As a result, we evaluated the effect of each component in the media and the improved composition of production media for succinate production from C. glutamicum. The proposed medium can be directly applied to other C. glutamicum mutants for increased production of succinic acid.
MATERIALS AND METHODS

Microorganism, Media, and Reagents
The wild-type C. glutamicum strain (ATCC 13032) obtained from the Biotechnology Process Engineering Center (Gwahangno, YuseongGu, Daejeon, Korea), used in this study, was maintained on LB agar plate at 32 o C. Analytical chemicals were obtained from BD (San Jose, CA, USA) or Sigma-Aldrich (St. Louis, MO, USA). Liquid cultures of C. glutamicum were cultivated at 32 o C in 5 ml of A medium (40 g glucose, 2 g yeast extract, 7 g casamino acids, 2 g urea, 7 g ammonium sulfate, 0.5 g KH 2 PO 4 , 0.5 g K 2 HPO 4 , 0.5 g MgSO 4 ·7H 2 O, 6 mg FeSO 4 ·7H 2 O, 4.2 mg MnSO 4 ·H 2 O, 0.2 mg biotin, and 0.2 mg thiamine, per liter) [9] with constant shaking at 200 rpm. During the transition to the stationary phase, cells were harvested by centrifugation (4,000 ×g at 4 o C for 10 min), washed once with 1 ml of BT medium, and resuspended to a final cell concentration of 10% (w/v) on wet weight in 1.4 ml of BT medium (OD 600 of 1.9). To test the effect of the bicarbonate addition, 100 mM sodium bicarbonate was added to similar culture tubes. Cultures were incubated at 32 o C with constant agitation devoid of aeration.
Analytical Techniques
After the cells were cultured for 20 h, aliquots of the culture were taken out and centrifuged at 12,000 rpm for 5 min, and the supernatants were transferred to new Eppendorf tubes and heated at 94 o C for 10 min. The samples were then centrifuged at 12,000 rpm for 5 min and the supernatants were analyzed by HPLC (YL-9100, Korea). Succinic acid, acetic acid, and lactic acid were determined by HPLC with a UV detector. The analysis was performed using a Bio-Rad Aminex-87H column (4.6 µm, 250 × 5 mm). The analysis conditions were as follows: sample volume 20 µl, mobile phase 0.008N H 2 SO 4 ; flow rate 0.6 ml/min; column temperature 60 o C.
Plackett-Burman Design, Box-Behnken Design, and Response Surface Methodology All these designs were performed with Minitab 16. Based on previous experiments, it was proposed that ten factors, namely glucose, ammonium sulfate, magnesium sulfate, potassium phosphate (K 2 HPO 4 and KH 2 PO 4 ), iron sulfate, manganese sulfate, biotin, thiamine, and sodium bicarbonate, were supposed to have effects on succinic acid production [9] . Each factor was investigated at a high (+1) and a low (-1) level (Table 1 ). As shown in Table 2 , the design matrix covered these ten factors to evaluate their effects on succinate and other organic acids production and was given as response values. Twelve experiments were conducted in duplicate to evaluate the factors that had multiple effects on succinate production. The significant variables identified from the experiment following a PlackettBurman design were optimized using the Box-Behnken design and response surface methodology, while the other variables of nonsignificance were fixed at the initial medium level. In developing the regression equation, the relation between the coded values and actual values are described by the following equation: [16] (1) where X i is the coded value of the ith variable, A i the actual value of the ith variable, A o the actual value of the ith variable at the center point, and ∆A i is the step change value of the ith variable. The correlation between the response and the four variables were fitted to a predictive quadratic polynomial equation as follows: i = 1,2,3,......k (2) 
